Abstract The present work is devoted to the 2D simulation of a point-to-plane Atmospheric Corona Discharge Reactor (ACDR) powered by a DC high voltage supply. The corona reactor is periodically crossed by thin mono filamentary streamers with a natural repetition frequency of some tens of kHz. The study compares the results obtained in dry air and in air mixed with a small amount of water vapour (humid air). The simulation involves the electro-dynamics, chemical kinetics and neutral gas hydrodynamics phenomena that influence the kinetics of the chemical species transformation. Each discharge lasts about one hundred of a nanosecond while the postdischarge occurring between two successive discharges lasts one hundred of a microsecond. The ACDR is crossed by a lateral dry or humid air flow initially polluted with 400 ppm of NO. After 5 ms, the time corresponding to the occurrence of 50 successive discharge/post-discharge phases, a higher NO removal rate and a lower ozone production rate are found in humid air. This change is due to the presence of the HO2 species formed from the H primary radical in the discharge zone.
Introduction
In the field of studies focused on Atmospheric Corona Discharge Reactor (ACDR) and as a complement to experimental investigations, the multi-dimensional simulation can be of great help to better understand and identify the main phenomena and reactions that influence the complex processes involved in the pollution control of harmful species. However, several specificities considerably increase the simulation difficulties such as (i) the strong non stationary problem of alternating discharge and post-discharge phases with a repetition rate of tens of kilohertz, (ii) the large differences in the space and time scales between the very fast processes occurring during the discharge phase inside the small micro-discharge filaments and the slower ones covering a larger ACDR volume during every postdischarge phase, or (iii) the judicious choice of a minimal set of both chemical reactions and species, the most representative of the experimental observations, while preserving reasonable computing times, among others.
Due to these specific difficulties, the complexity of ACDR simulation was progressively enhanced from uniform chemical kinetics (see e.g. Refs. [1, 2] ) to simulation involving space non-uniformity in one or multi-dimensional domain and coupling one or several phenomena during the discharge and post-discharge phases (see e.g. Refs. [3] [4] [5] [6] [7] ). Only recently have some works been devoted to the 2D simulation of successive discharge/post-discharge phases in a multi-pointto-plan ACDR and for time scales extended up to some milliseconds in dry air [8] . In the present paper, we compare the solution of a 2D simulation of an ACDR composed of three aligned points and crossed by a polluted dry or humid air flow. We follow in particular the spatio-temporal transformation of the NO pollutant up to 5 ms by coupling 50 successive discharge/post-discharge phases with a repetition rate of 10 kHz. The simulation involves the chemical kinetics and the energetic effects of the electrical discharges on the neutral gas dynamics, temperature and reactivity.
Model and simulation conditions
The design of the 2D ACDR is displayed in Fig. 1 . A grounded metallic plane is positioned at a distance d=7 mm below the points and the inter-point distance e is constant and equal to 5 mm. A DC positive high voltage of 7.2 kV is applied on each point and an initial stationary lateral atmospheric gas flow of 5 m·s
polluted by 400 ppm of NO crosses the ACDR from the right to the left hand side of the domain. The gas is either dry (22% O 2 , 78% N 2 ) or humid air (19.3% O 2 , 77.4% N 2 , 3.3% H 2 O) at 300 K. The discharge phases are characterized by the simultaneous propagation of 3 vertical mono-filament discharges located between each point and the grounded plane. The natural repetition frequency of the discharge phases, each lasting 150 ns, is equal to 10 kHz. The characteristics of each microdischarge are supposed to be similar to an individual DC mono-point-to-plane micro-discharge already studied elsewhere [9] . It means in particular that we assume in the present work that the gas flow does not influence the discharges propagation and that non mutual effects exist between neighbouring discharges [8] . Depending on the simulation conditions (dry or humid air), the gas flow involves a choice of 7 or 14 neutral chemical species
reacting following 12 or 28 selected chemical reactions given in Table 1 with the corresponding rate coefficients. The simulation domain is discretized in square structured meshes of 50 µm×50 µm size and it is assumed that microdischarges have an effective diameter of 50 µm which corresponds to the size of the chosen cells. Therefore, it is possible to inject specific source terms corresponding to the generation rate of primary radicals (N, O, H and OH) and of energy in a unique column of cells located between each point and the plane, both simulating the micro-discharge effects.
A complete description of the used model can be found in Ref. [8] . We reproduce here some of the main model characteristics for clarity and self-consistency of the present paper. Briefly, the gas hydrodynamics is simulated using the commercial ANSYS Fluent CFD software implemented on a High Performance Computer [10] while discharge effects are simulated as thermal and primary radical source terms applied periodically inside the filamentary volume located below each point (a column of 140 meshes for each vertical discharge). The hydrodynamics and kinetics of the ACDR involve the classical conservation equations of a reactive gas [11] ∂ρm i ∂t
The set of Eqs. (1) to (4) is used to model the neutral gas behavior and to follow each neutral chemical species "i" (like N, O, O 3 , NO, OH, . . . ) that are created inside the ACDR. ρ is the mass density of the background gas, v the gas velocity, P the static pressure and ⇒ τ the stress tensor. For each chemical species "i", m i is the mass fraction, J i the diffusive flux due to the concentration and thermal gradients and S i the net rate of production per unit volume due to chemical reactions between neutral species. h is the static enthalpy, T the gas temperature and k the thermal conductivity.
In the previous model, the effects of the successive discharge phases are taken into account by adding specific sources terms in Eqs. (1) and (4). In Eq. (1), S id (z, t) simulates the creation of neutral active species (radicals and excited species) by electron or ion impacts with the main molecules of the background gas. In Eq. (4), S ε d (z, t) simulates the fraction of the total power density transferred during the discharge phase into thermal energy. These specific source terms are estimated from a separate electro-hydrodynamic model able to simulate the development and propagation of a mono-filamentary streamer involving radical's formation [9] and energy dissipation [12] . Indeed, it should be noticed that because of the very different time scale of the discharge (150 ns) and post-discharge phases (0.1 ms), one can assume that the effects of the discharges on the background gas can be simulated by locally injecting (i.e. inside the filamentary microdischarge volumes and only during the discharge phase) average source terms estimated from a separate discharge dynamics model. The specific formalisms used for the source terms calculation and their validation are discussed in detail in Ref. [8] .
Source terms are applied each 0.1 ms during 150 ns, which correspond to a typical DC corona discharge frequency (∼10 kHz) and duration. The initial gas temperature is chosen at 300 K and the reactor walls are assumed to remain constant at 300 K during our simulation duration (i.e. 5 ms). An initial lateral gas flow of 5 m·s −1 is applied inside the ACDR while the gas velocity at the walls is fixed equal to zero by taking into account the boundary layers theory. During the first discharge/post-discharge cycle, the gas temperature increases from the ambient temperature to a maximum of 410 K inside the discharge channel at 150 ns and falls down to 331 K at 0.1 ms after the post-discharge phase. Until 1 ms, the repetition of the gas temperature rises and falls induces the development of a hot plume developing independently below each anodic point and extending in the direction of the flow. For greater times, plumes begin to interact, inducing a localized temperature rise, more pronounced below the leftmost point.
Results and discussions
Figs. 3 to 6 show the NO, O 3 and OH calculated concentrations after 1 ms, 3 ms and 5 ms, which corresponds to 10, 30 and 50 discharge/post-discharge cycles. The results are presented at the end of the postdischarge phase, just before a new discharge injection.
Figs. 3 and 4 clearly show that the spatial regions where the NO density decreases correspond to the regions where the concentration of O 3 is the highest. This is mainly due to reaction (7), which transforms NO into NO 2 via O 3 . In humid air, NO oxidation is also due to reaction (25), where the HO 2 species is created from the H atoms during the discharge phase through reaction (28). It is noteworthy that the 3 body reactions (5) and (6) that also oxidize NO are efficient only during a very short time (∼0.2 µs) and take place only in each of the small discharge channels where the primary radicals O are created by the direct dissociation of O 2 via electron impacts. The direct correlation between the NO destruction and the O 3 concentration is also visible in Fig. 6 showing the time evolution of their mean concentration integrated over the whole ACDR volume. One can notice that after 3 ms, the mean NO concentration decrease is not only correlated to the chemical reactivity inside the ACDR volume but also to the fact that the treated NO begins to exit the ACDR at its left hand side border (see Fig. 3 ). As can be seen, the NO oxidation in humid air is slightly more efficient than in dry air even if the O 3 concentration is lower. In fact, in humid air, the O 3 concentration is reduced because just after each discharge phase, reaction (13) involving the H primary radical consumes a part of the ozone species formed during each discharge phase by reactions (10) and (11) . Nevertheless, the NO oxidation remains highest in humid air due to the presence of the HO 2 radical. Indeed, the HO 2 radical, formed through reaction (28) during each discharge phase, hardly reacts with NO through reaction (25).
As a general behaviour, the primary radicals concentrations (N, O, H and OH) remaining at the end of a discharge/post-discharge cycle represent less than 1% of their respective concentrations at the beginning of the cycle. Once injected, all of them are rapidly consumed at the close vicinity of each discharge channel and do not show a lateral plume concentration as observed for the NO or the O 3 cases. As an example, the concentration profiles displayed in Fig. 5 for OH do not show a lateral plume because the OH species are rapidly transformed in water vapour via reaction (17). Fig. 3 also shows a specific behaviour of the NO concentration near the cathode. In fact, the injected source terms are not homogeneous along the z axis and boundary layers along the reactor walls directly influence the flow gas distribution and as a consequence the chemical activity.
Conclusion
The present preliminary results have shown that contrarily to a more classical 0D model assuming a volume average reactivity, the reactions involving the primary radicals (such as OH or H) affect the NO evolution only in the surrounding of the small volume of the filamentary discharges. Meanwhile, reactions involving the secondary radical species (such as ozone or HO 2 ) are mainly efficient in larger regions depending on the flow gas. After 50 discharge/post-discharge cycles, the NO removal in humid air is slightly more efficient than in dry air because of the presence of the HO 2 reactive species, formed in humid air from the 3 body reactions between H atoms and O 2 and N 2 molecules.
